Ang II type 1 (AT1) receptors activate both conventional heterotrimeric G protein-dependent and unconventional G protein-independent mechanisms. We investigated how these different mechanisms activated by AT1 receptors affect growth and death of cardiac myocytes in vivo. Transgenic mice with cardiac-specific overexpression of WT AT1 receptor (AT1-WT; Tg-WT mice) or an AT1 receptor second intracellular loop mutant (AT1-i2m; Tg-i2m mice) selectively activating G α q/G α i-independent mechanisms were studied. Tg-i2m mice developed more severe cardiac hypertrophy and bradycardia coupled with lower cardiac function than Tg-WT mice. In contrast, Tg-WT mice exhibited more severe fibrosis and apoptosis than Tg-i2m mice. Chronic Ang II infusion induced greater cardiac hypertrophy in Tg-i2m compared with Tg-WT mice whereas acute Ang II administration caused an increase in heart rate in Tg-WT but not in Tg-i2m mice. Membrane translocation of PKCε, cytoplasmic translocation of G α q, and nuclear localization of phospho-ERKs were observed only in Tg-WT mice while activation of Src and cytoplasmic accumulation of phospho-ERKs were greater in Tg-i2m mice, consistent with the notion that G α q/G α i-independent mechanisms are activated in Tg-i2m mice. Cultured myocytes expressing AT1-i2m exhibited a left and upward shift of the Ang II dose-response curve of hypertrophy compared with those expressing AT1-WT. Thus, the AT1 receptor mediates downstream signaling mechanisms through G α q/ G α i-dependent and -independent mechanisms, which induce hypertrophy with a distinct phenotype. Nonstandard abbreviations used: ANF, atrial natriuretic factor; ASA, α-skeletal actin; AT1, Ang II type 1; AT1-i2m, AT1 receptor second intracellular loop mutant; AT1-WT, WT AT1 receptor; AV, atrioventricular; AVN, AV node; BW, body weight; GPCR, G protein-coupled receptor; GTPγS, guanosine 5'-O-(3-thiotriphosphate); HR, heart rate; ICa, L-type Ca 2+ channel current; LVEDD, LV end-diastolic dimension; LVESD, LV end-systolic dimension; LVW, LV weight; NTg, non-Tg; PEA-15, phosphoprotein enriched in astrocytes; qPCR, quantitative PCR; RAS, renin-angiotensin system; Tg-i2m mice, transgenic mice with cardiac-specific overexpression of AT1-i2m; Tg-WT mice, transgenic mice with cardiac-specific overexpression of AT1-WT; TL, tibia length.
Introduction
Ang II is an important terminal effector of the renin-angiotensin system (RAS), which plays a critical role in the regulation of blood pressure and volume homeostasis (1) . Enhanced activity of RAS is associated with various cardiovascular diseases, such as hypertension, cardiac hypertrophy, and heart failure (2) (3) (4) . Ang II is produced in the heart through local RAS and plays a critical role in mediating load-induced cardiac hypertrophy and cardiac remodeling (5, 6) . These pathologic effects of Ang II on the heart are primarily mediated by the Ang II type 1 (AT1) receptor, a 7 transmembrane G protein-coupled receptor (GPCR) (7) . Thus, elucidating the signaling mechanism of the AT1 receptor is important for the development of fundamental treatment for cardiac hypertrophy and heart failure.
The signaling mechanism of the AT1 receptor is traditionally described as dependent on heterotrimeric G proteins (8) . The AT1 receptor activates phospholipase Cβ via G α q proteins. This causes generation of inositol trisphosphate and diacylglycerol, which in turn causes release of calcium from intracellular calcium stores and activation of PKC, respectively (8) . The AT1 receptor also couples to G α i, thereby regulating adenylyl cyclase (9) . Previous studies from our laboratory as well as from others have suggested, however, that the AT1 receptor also activates unconventional signaling mechanisms, such as G α q/G α i-independent and/or heterotrimeric G protein-independent signaling mechanisms (10) (11) (12) (13) (14) (15) (16) (17) . In many cases, protein-protein interaction between the specific amino acid sequence in the AT1 receptors and intracellular signaling molecules plays an important role in mediating these unique signaling mechanisms (reviewed in refs. 7, 18) . For example, we have previously shown that an AT1 receptor having mutations in the second intracellular DRY motif lacks heterotrimeric G protein coupling but still mediates activation of Src and ERK (16) . The cytoplasmic domain of the AT1 receptor physically interacts with intracellular signaling molecules, including SHP-2, phospholipase Cγ, and JAK2 (19) (20) (21) (22) . The conserved YIPP motif in the carboxyl terminus domain of the AT1 receptor interacts with SHP-2, which in turn plays an essential role in mediating activation of the JAK/STAT pathway and EGF receptor (17, 22) . AT1 receptors also associate with novel signaling molecules, such as AT1 receptor-associated protein (ATRAP), which in turn affects Ang II-induced cell growth responses in HEK293 cells (23) . These sequence-specific signaling mechanisms allow the AT1 receptor to generate unique downstream signaling mechanisms and possibly explain the versatility of AT1-receptor signaling (18) .
Previous studies regarding the signaling mechanisms of cardiac hypertrophy have suggested that each signaling mechanism affects cardiac hypertrophy differently (24) . For example, activation of G α q causes hypertrophy with cardiac dysfunction (25) while stimulation of PI3K and ERKs causes well-compensated forms of hypertrophy (26, 27) . Since GPCRs, including AT1 receptors, have versatile signaling functions, their downstream signaling could mediate a wide variety of effects upon cardiac phenotype associated with hypertrophy. Although AT1 receptors are able to transmit downstream signaling mechanisms through unconventional signaling mechanisms, whether or not such signaling mechanisms stimulated by the AT1 receptor are able to affect growth and death of the heart remains to be elucidated in vivo. Our goal in this study was to elucidate whether the previously identified G α q- or G α i-independent signaling mechanism of the AT1 receptor is able to mediate hypertrophy in the heart. We here report that activation of the G α q- or G α i-independent signaling mechanism by the AT1 receptor indeed induces hypertrophy with a unique cardiac phenotype in vivo.
Results
Generation of Tg-WT and Tg-i2m mice. Receptor interaction with heterotrimeric G proteins was evaluated by measuring 125 I-Ang II binding in the presence of guanosine 5'-O-(3-thiotriphosphate) (GTPγS), which shifts GPCRs from a highaffinity state to a low-affinity state. Since this shift is considered an indicator of effective interaction of the receptor with heterotrimeric G proteins (28) , we examined the effect of GTPγS on 125 I-Ang II binding to the WT AT1 receptor (AT1-WT) and an AT1 receptor second intracellular loop mutant (AT1-i2m). AT1-WT and AT1-i2m were overexpressed in cultured cardiac myocytes, and the membrane fraction was prepared. As shown in Figure 1A , GTPγS decreased Ang II binding to AT1-WT in a dose-dependent manner. By con-trast, Ang II binding to AT1-i2m was not affected by GTPγS even at 10 -5 M, suggesting that AT1-i2m lacks heterotrimeric G protein coupling in cardiac myocytes, consistent with previous results in other cell types (16, 29) .
In order to examine the in vivo function mediated by heterotrimeric G protein-independent mechanisms, we developed transgenic mice with cardiac-specific overexpression of AT1-WT (Tg-WT mice) and AT1-i2m (Tg-i2m mice). Cardiac tissue AT1 receptor expression was assessed by radioligand binding assays. Expression of the AT1 receptor in the heart was significantly increased in both Tg-WT and Tg-i2m mice. In the 3 mouse lines examined, the level of AT1 receptor expression in LV occurred in the order of lines 15, 11, and 8 (with line 15 the highest) in Tg-WT mice and lines 1, 23, and 16 in Tg-i2m mice (with line 1 the highest) ( Figure 1B ). AT1receptor expression in line 15 of Tg-WT mice was not significantly different from that in line 1 of Tg-i2m mice ( Figure 1B) .
Tg-i2m mice have greater cardiac hypertrophy than Tg-WT mice. Both ventricles and atria of the heart were enlarged in Tg-WT and Tg-i2m mice ( Figure 2 , B and D). The LV weight/body weight (LVW/BW) and LVW/tibia length (LVW/TL) were significantly increased in both Tg-WT and Tg-i2m mice compared with non-TG (NTg) mice ( Figure 2E and Table 1 ). Interestingly, LVW/BW and LVW/TL of Tg-i2m mice were significantly greater than those of Tg-WT mice 
Figure 1
AT1 receptor binding assays. (A) Effects of GTPγS on 125 I-Ang II binding to the membrane fraction of cardiac myocytes overexpressing AT1-i2m or AT1-WT. *P < 0.01 compared with AT1-WT. (B) Radioligand binding assays. Tg-WT (line 15, n = 5) and Tg-i2m mice (line 1, n = 7) had similar levels of AT1 receptor expression. The maximum binding (Bmax; fmol/mg protein) for NTg, Tg-WT (line 15), and Tg-i2m mice (line 1) was 9.0 ± 0.7, 283.3 ± 9.2, and 287.5 ± 13.7, respectively. The dissociation constant (Kd) (nM) for NTg, Tg-WT (line 15), and Tg-i2m mice (line 1) was 0.77 ± 0.13, 0.77 ± 0.19, and 0.79 ± 0.16, respectively. There was no significant difference in AT1 receptor expression between Tg-WT (line 15) and Tg-i2m mice (line 1). Tg-F8, Tg mice derived from the founder number 8 (line 8). *P < 0.01, # P < 0.001 compared with NTg mice. Experiments were conducted 4 and 3 times for A and B, respectively.
( Figure 2E ). With increasing levels of AT1 receptor expression, the increase in LVW/BW in Tg-i2m mice was significantly greater than that in Tg-WT mice (Figure 2F; complete data set showing  postmortem analyses of Tg-WT and Tg-i2m mice can be found  in Supplemental Tables 1 and 2 ; supplemental material available online with this article; doi:10.1172/JCI25330DS1). Thus, Tg-i2m mice developed greater cardiac hypertrophy than Tg-WT mice at each level of AT1 receptor expression. Myocyte size was measured as cell capacitance (which is proportional to the cell surface area). Both ventricular and atrial myocytes isolated from Tg-i2m mice were significantly larger than those from NTg mice ( Figure 2G ), confirming the occurrence of hypertrophy at the myocyte level in Tg-i2m mice. Ventricular myocytes isolated from Tg-i2m mice were significantly larger than those from Tg-WT mice ( Figure 2G ). In order to examine whether AT1-i2m has direct effects upon hypertrophy, cardiac myocytes were transduced with adenovirus harboring LacZ, AT1-WT, or AT1-i2m and cultured in serum-free conditions. We confirmed that similar levels of AT1 receptors were overexpressed by receptor-binding assays (Supplemental Figure 1 ). Ang II-induced increases in protein content were enhanced in AT1-WT and AT1-i2m transduced myocytes. Greater increases in protein content were observed in AT1-i2m-expressing myocytes than in AT1-WT-expressing myocytes. Interestingly, increases in the protein content were induced at lower doses of Ang II in AT1-i2m-expressing cells ( Figure 2H ). Expression of hypertrophyassociated genes was quantitated by quantitative PCR (qPCR). With increasing levels of AT1 receptor expression, there was a dose-dependent increase in mRNA expression of atrial natriuretic factor (ANF) and α-skeletal actin (ASA), fetal-type genes, in both Tg-WT and Tg-i2m mice ( Figure 3 , A and B). mRNA expression of ANF and ASA was significantly higher in Tg-i2m than in Tg-WT mice ( Figure 3 , A and B). Taken together, these data indicate that overexpression of AT1-i2m induces more severe cardiac hypertrophy than that of AT1-WT.
Echocardiographic measurements indicated that both Tg-WT and Tg-i2m mice showed increased LV end-diastolic dimensions (LVEDDs) and LV end-systolic dimensions (LVESDs) compared with corresponding NTg mice ( Table 2 ). The LVEDDs and LVESDs in Tg-i2m mice were significantly greater than those in Tg-WT mice. These data indicate that Tg-i2m mice have a greater enlargement of the LV chamber than Tg-WT mice.
Tg-i2m mice have more severe bradycardia and reduced cardiac function compared with Tg-WT mice. At 10-12 days, the heart rates (HRs) of Tg-WT and Tg-i2m mice were not significantly different from those of corresponding NTg mice (Table 3 ). At about 22 days, how- ever, the HRs of both Tg-WT and Tg-i2m mice were significantly slower than that of corresponding NTg mice ( Table 3 ). The HR of Tg-i2m mice was significantly slower than that of Tg-WT mice at 22 days (P < 0.005). ECG showed that Tg-WT mice developed second-degree atrioventricular (AV) block with normal QRS duration while Tg-i2m mice developed complete AV block with significantly widened QRS interval ( Figure 4A and Table 4 ). Bradycardia and conduction abnormality were observed in both Tg-WT and Tg-i2m adult mice as well. Analysis of the relationship between the level of AT1-receptor expression and the HR revealed that there was a significant dose-dependent decrease in HR in Tg-i2m but not in Tg-WT mice ( Figure 4 , B and C). A 4-week treatment with losartan, an AT1 receptor antagonist, starting at 4 weeks failed to increase HR despite significant reversal of cardiac hypertrophy in Tg-i2m mice (Supplemental Figure 2 ). No overt heart failure developed in either Tg-WT or Tg-i2m mice, as evidenced by the fact that neither premature death nor increases in lung or liver weight were observed in either group during our follow-up for 18 months. Echocardiographically measured LV ejection fraction (LVEF) and LV fractional shortening (LVFS) were slightly but significantly lower in both Tg-WT and Tg-i2m mice than in corresponding NTg mice ( Table 2 ). LV +dP/dt and -dP/dt of Tg-WT and Tg-i2m mice were significantly lower than those of corresponding NTg mice, and LV +dP/dt and -dP/dt of Tg-i2m mice were significantly lower than those of Tg-WT mice ( Table 5 ). LV end-diastolic pressure (LVEDP) of Tg-WT mice was not significantly different from that of NTg mice, while that of Tg-i2m mice was significantly higher than that of both NTg and Tg-WT mice ( Table 5 ). This impaired LV function in Tg-i2m was not due to bradycardia alone because ventricular pacing (500/min) failed to normalize +dP/dt or -dP/dt ( Figure 4D ). These data indicate that overexpression of AT1-WT or AT1-i2m causes impaired LV function with overexpression of AT1-i2m resulting in a greater reduction in LV function than that of AT1-WT.
To identify a possible cause of bradycardia and AV block, histological analyses were conducted. In 4-chamber view cardiac sections, the AV node (AVN) in Tg-i2m mice was poorly developed compared with that in NTg or Tg-WT mice (Supplemental Figure  3) . In order to confirm that Tg-i2m mice possess a poorly developed AVN, we crossed Tg-i2m and MinK +/mice, and whole heart β-galactosidase staining was conducted (30) . The spatial expression of MinK in the adult mouse heart is, for the most part, coincident with the conduction tissues. Thus, the cardiac conduction system in MinK +/mice, in which the MinK gene was disrupted by knock-in of the lacZ gene, can be labeled with β-galactosidase staining (30) . In MinK +/mouse hearts, β-galactosidase staining of the AVN was clearly observed. On the other hand, in the hearts of MinK +/-Tg-i2m mice, β-galactosidase staining of the AVN was much smaller ( Figure 5A ). Quantitative analyses of the stained AVN supported this notion ( Figure 5B ). RT-PCR analyses showed that, among several proteins potentially involved in regulation of HR, expression of Nkx2.5 is attenuated while that of HCN-1 is upregulated in Tg-i2m compared with Tg-WT mice ( Table 6 ), similar to the pattern observed in Nkx2.5 KO mice, which also develop AV block (31) .
At the cellular level, cardiac pacemaking is produced by the slow diastolic depolarization. Several ion channels contribute to pacemaker depolarization, including L-type Ca 2+ channels (32, 33) . To examine the cellular mechanisms causing bradycardia in Tg-i2m mice, we examined L-type Ca 2+ channel currents (I Ca ) in atrial myocytes isolated from NTg and Tg-i2m mice. The Tg-i2m mice exhibited significantly smaller I Ca amplitude compared with NTg mice. Peak inward I Ca amplitude, normalized relative to cell capacitance (pA/pF), as a function of voltage was plotted ( Figure 5C ). The data demonstrated no significant difference in the current-voltage (i-V) relationships but showed a significant decrease in peak I Ca density in Tg-i2m mouse myocytes compared with NTg mouse myocytes. 
Figure 3
Fetal-type gene expression. Expression of ANF (A) and ASA (B) in LVs from Tg-WT (line 8, n = 6, line 11, n = 4, line 15, n = 5) and Tg-i2m mice (line 16, n = 6, line 23, n = 4, line 1, n = 7). There was a dose-dependent increase in the expression of ANF and ASA in both Tg-WT and Tg-i2m mice with significantly more ANF and ASA being expressed in Tg-i2m mice. *P < 0.01, # P < 0.001 compared with NTg mice.
A lack of depolarization shift indicates that changes in Cav1.3 (αD-type channel) do not significantly contribute to the overall decrease in atrial I Ca (34) . I Ca density in atrial myocytes from Tg-WT mice was not significantly different from that in NTg mouse myocytes ( Figure 5C ). Similarly, I Ca density in ventricular myocytes isolated from Tg-WT mice (9.0 ± 0.4 pA/pF; n = 24) was not different from that in NTg mouse myocytes (8.2 ± 0.5 pA/pF; n = 38), while a significant decrease in I Ca density (6.9 ± 0.4 pA/pF; n = 31, P < 0.05) was observed in Tg-i2m mouse myocytes. These data show that Tg-i2m mice have decreased Ca 2+ entry during depolarization, which may contribute in part to bradycardia.
To understand the cellular mechanisms underlying the LV dysfunction in Tg-i2m mice, we examined isolated cell contractility. The amplitude of myocyte contraction (% cell shortening) did not differ between cardiac myocytes from NTg and Tg-WT mice while that in myocytes from Tg-i2m mice was significantly smaller ( Figure 5D ), indicating that cellular contractility is depressed in Tg-i2m mice. Taken together, these findings suggest that there may be LV systolic and diastolic dysfunction in the Tg-i2m mice although the results of echocardiographic studies (Table 2 ) and experiments on isolated cardiac myocytes ( Figure 5D ) display more modest/subtle alterations.
Tg-i2m mouse hearts have less fibrosis and apoptosis than Tg-WT mouse hearts. The level of interstitial fibrosis was increased in Tg-WT and Tg-i2m mice compared with corresponding NTg mice. Quantitative analyses indicated that the level of fibrosis in Tg-i2m mice was significantly less than that in Tg-WT mice ( Figure 6, A and B) . To evaluate the frequency of cardiac myocyte cell death in the myocardium, TUNEL staining was performed on cardiac sections from 10- to 12-monthold mice. Significantly more TUNEL-positive myocytes were observed in Tg-WT and Tg-i2m mice than in the corresponding NTg mice. The level of apoptosis was significantly smaller in Tg-i2m than in Tg-WT mice ( Figure 6C ) despite the fact that Tg-i2m mice have higher ventricular wall stress than Tg-WT mice.
Chronic Ang II infusion causes greater cardiac hypertrophy in Tg-i2m mice whereas acute Ang II administration increased HR only in Tg-WT mice. Continuous infusion of Ang II (200 ng/kg/min) for 2 weeks resulted in a significant increase in LVW/BW and LVW/TL in both Tg-WT and Tg-i2m mice, whereas a greater increase was observed in Tg-i2m mice ( Figure 7A ). Ang II infusion did not significantly affect blood pressure in either group of mice (Supplemental Figure 4 ). In contrast, intravenous bolus injection of Ang II (100 ng/kg) increased the HR in Tg-WT but not in Tg-i2m mice ( Figure 7B ). The lack of Ang II-induced HR response in Tg-i2m mice was unlikely to be due to general insensitivity because the HR response to isoproterenol, an agonist for the β-adrenergic receptor, was actually enhanced in Tg-i2m compared with Tg-WT mice (Supplemental Figure 5 ).
ERKs were more strongly activated but stayed in the cytoplasm while PKCε was not translocated to the particulate fraction in Tg-i2m mice. We have shown previously in CHO-K1 cells that binding of Ang II to AT1-i2m induces activation of ERKs, which fail to enter the nucleus (16) . To compare the activity of ERKs in Tg-WT and Tg-i2m mice in the heart, immunoblotting using phospho-ERK antibod- 
Figure 4
Bradycardia, AV block, and LV function. ies was carried out. Both Tg-WT and Tg-i2m mice showed significantly increased phospho-ERKs/total ERKs ratios compared with corresponding NTg mice in whole cell lysates, with Tg-i2m mice exhibiting a higher level of phospho-ERKs than Tg-WT mice (Figure 8A) . Interestingly, the amount of phospho-ERKs in the nuclear fraction, on the other hand, was significantly greater in Tg-WT mice than in either Tg-i2m or NTg mice ( Figure 8B ). These data suggest that ERKs activated in Tg-i2m mice failed to translocate into the nucleus. Immunostaining of neonatal rat cardiac myocytes showed that Ang II treatment induced nuclear accumulation of phospho-ERKs in cells overexpressing AT1-WT and cytoplasmic accumulation in those overexpressing AT1-i2m (Supplemental Figure 7 ). Tg-WT mouse hearts exhibited modest but significant activation of p46-JNK and p38-MAPK, which was not observed in Tg-i2m mouse hearts (Figure 8 , C and D). In CHO-K1 cells, ERK activation by AT1-i2m is also accompanied by activation of Src (16) . Tg-i2m mice showed a significantly elevated phospho-Src/ total Src ratio compared with NTg mice, while Src was not activated in Tg-WT mice ( Figure 8E ). Phosphoprotein enriched in astrocytes (PEA-15) plays an important role in mediating cytoplasmic sequestration of ERKs in NIH 3T3 cells (35) . PEA-15 is phosphorylated by PKC and Ca 2+ /calmodulin kinase (36) . Tg-WT mice exhibited a higher phospho-PEA-15/ total PEA-15 ratio than either NTg or Tg-i2m mice ( Figure 8F ), which potentially explains nuclear translocation of ERKs in Tg-WT but not in Tg-i2m mice.
To confirm that the G α q-dependent signaling is not stimulated in Tg-i2m mice, immunoblotting of PKCε was carried out. In Tg-WT mice, PKCε was translocated into the particulate fraction, as evidenced by an increase in particulate/cytosolic PKCε. However, this translocation of PKCε was not observed in Tg-i2m mice ( Figure 8G ). Redistribution of G α q into the cytosol has been shown to be an indirect marker of G α q activation (37) and was observed in Tg-WT but not in Tg-i2m mice ( Figure 8H ). These results are consistent with the notion that G α q-dependent signaling is not stimulated in Tg-i2m mice.
In order to confirm that signaling molecules have distinct subcellular localization in Tg-WT and Tg-i2m mice, immunohistochemical analyses were conducted on LV myocardial sections. In Tg-WT mouse hearts, more phospho-ERK positive nuclei were found compared with NTg and Tg-i2m mouse hearts. In contrast, increases in phospho-ERK staining were observed primarily in the cytoplasm of cardiac myocytes in Tg-i2m mice ( Figure 8I ). In addition, staining of PKCε is primarily found in the plasma membrane in Tg-WT but not in Tg-i2m hearts ( Figure 8I ). These results are consistent with those obtained by immunoblot analyses and further support the notion that the effector of G α q signaling is not activated while ERKs are activated only in the cytoplasm of cardiac myocytes in Tg-i2m mice.
Discussion
Transgenic mice with cardiac-specific overexpression of AT1-i2m, which does not couple to G α q or G α i, exhibited greater cardiac hypertrophy, cardiac dysfunction, and bradycardia but less apoptosis and fibrosis than those overexpressing AT1-WT (Supplemental Table 3 ). AT1 receptors have traditionally been thought to mediate cellular functions through interaction with heterotrimeric G proteins, predominantly G α q and G α i. However, increasing lines of evidence suggest that GPCRs can initiate signaling mechanisms through unconventional mechanisms, including heterotrimeric G protein-independent mechanisms (38) (39) (40) (41) . Our results suggest that such mechanisms potentially mediate pathologically relevant cardiac phenotypes initiated by the AT1 receptor in the heart in vivo.
Our previous in vitro study showed that AT1-i2m activates, independently of G α q/G α i protein, the Src/Ras/ERK pathway without nuclear translocation of ERKs in CHO-K1 cells (16) . AT1-i2m expressed in cultured cardiac myocytes also exhibited insensitivity to GTPγS-induced displacement of ligand binding and cytoplasmic accumulation of phospho-ERK in response to Ang II, similar to AT1-i2m in CHO-K1 cells (16) . AT1-i2m expressed in the mouse heart also exhibited clear differences in its effect upon downstream signaling compared with AT1-WT. For example, translocation of PKCε to the particulate fraction as well as PEA-15 Ser 116 phosphorylation observed in Tg-WT mice were missing in Tg-i2m mice. Accumulation of phospho-ERKs in the cytoplasm but not in the nucleus was observed in cardiac myocytes from Tg-i2m mice, a finding similar to that obtained in CHO-K1 cells (16) . Furthermore, redistribution of G α q into the cytosolic fraction, another indicator of G α q activation (37) , was observed in myocytes from Tg-WT but not from Tg-i2m mice. Although a potential involvement of other heterotrimeric G proteins, such as G α 12/G α 13, in mediating the cardiac phenotype of Tg-i2m mice cannot be formally excluded, these results are consistent with the notion that cell-signaling mechanisms dependent upon G α q/G α i, the major heterotrimeric G proteins in the heart, are not stimulated whereas the G α q/G α i-independent signaling mechanism is activated in cardiac myocytes from Tg-i2m mice. The fact that Tg-i2m mice dose-dependently developed hypertrophy indicates that AT1 receptors can initiate hypertrophy through G α q- or G α i-independent mechanisms. Although cardiac dysfunction and/or bradycardia could induce hypertrophy secondarily, we believe that these alone may not explain the robust hypertrophy in Tg-i2m mice because hypertrophy has not necessarily been observed in other transgenic mouse models of bradycardia, AV conduction abnormality, and/or cardiac dysfunction (42) (43) (44) . Losartan partially reversed cardiac hypertrophy without affecting bradycardia. Furthermore, expression of AT1-i2m in cultured myocytes also enhanced Ang II-induced hypertrophy at the single-cell level, indicating that AT1-i2m has direct hypertrophic effects. Interestingly, in vitro doseresponse experiments showed that a higher degree of hypertrophy was induced at lower concentrations of Ang II in myocytes expressing AT1-i2m compared with those expressing AT1-WT, suggesting that AT1-i2m is a more sensitive stimulator of cardiac hypertrophy. We have previously shown that ligand-dependent downregulation of AT1-i2m is partially impaired, possibly due to the lack of feedback from the G α q pathway (45) , which may contribute to the enhanced hypertrophic response in Tg-i2m mice.
Recent evidence suggests that GPCRs can form either homo- or hetero-oligomers (46) . At present, the involvement of oligomerization between exogenous AT1-i2m and endogenous AT1 receptors or other unknown GPCRs in mediating cardiac hypertrophy cannot be formally excluded (15, 47) . However, we believe that this possibility is remote because oligomerization with other G α q-or G α i-coupled receptors could have made ligand binding of AT1-i2m GTPγS-sensitive. Such a hetero-oligomerization property could have been shared with AT1-WT, and if so, AT1-WT should have shown a similar dosedependent effect upon hypertrophy as AT1-i2m. If AT1-i2m works as a dominant receptor over endogenous AT1 receptors, cardiac phenotype in Tg-i2m mice could be in part caused by suppression of the endogenous AT1 receptors. We believe that this is unlikely because neither AT1 receptor antagonist treatment nor AT1-receptor knockout mice exhibit a cardiac phenotype similar to Tg-i2m mice, such as hypertrophy and bradycardia (48) . At present, we do not know the downstream signaling mechanism mediating greater hypertrophy in Tg-i2m mice. Thus far, we have shown that activation of total ERK and Src is higher in Tg-i2m than in Tg-WT mice. On the other hand, nuclear accumulation of ERK and activation of PKCε are observed in Tg-WT but not in Tg-i2m mice. Cardiac-specific expression of an activated form of MEK1 induces well-compensated hypertrophy in Tg mice (27) , which is similar to the compensated hypertrophy seen in Tg-i2m mice, in which less apoptosis and fibrosis were observed compared with Tg-WT mice despite a higher degree of hypertrophy. On the other hand, members of the Src family of tyrosine kinases are likely to have diverse roles in mediating cardiac hypertrophy (49-51). In Since the thickness of the serial section was 6 µm, if AVN can be observed in n sections and the area of AVN in the section k is Sk µm 2 , the volume of AVN (µm 3 ) is roughly estimated as 6 × (S1+S2+S3+ . . . +Sn). *P < 0.05 vs. MinK +/-. (C) ICa of atrial myocytes from NTg, Tg-WT, and Tg-i2m mice. ICa density, calculated as peak inward ICa amplitude normalized to cell capacitance (pA/pF), is shown. Tg-i2m mice exhibited significantly smaller ICa amplitude compared with NTg and Tg-WT mice. There is a significant decrease in ICa density in myocytes from Tg-i2m mice compared with myocytes from NTg or Tg-WT mice. Data points are mean ICa density ± SEM in atrial myocytes of Tg-i2m (n = 22), Tg-WT (n = 24), and NTg (n = 50) mice from 4 Tg-i2m (line 1), 6 Tg-WT (line 15), and 6 NTg mouse littermates, respectively. (D) Myocyte contraction recorded in Tg-WT and Tg-i2m mouse myocytes. Data are means ± SEM. Numbers correspond to total number of cells measured. *P < 0.05 vs. NTg mice. Data points are from 8 NTg, 7 Tg-WT, and 9 Tg-i2m mice. The difference between NTg and Tg-i2m mice was also significant (P < 0.05) when the statistical analysis was conducted based upon the number of mice (NTg, 7.5% ± 0.2%; Tg-WT, 7.0% ± 1.1%; Tg-i2m 5.7% ± 0.5%).
vitro experiments using cultured cardiac myocytes indicated that chemical inhibitors of MEK1 and Src significantly attenuated Ang II-induced hypertrophy in AT1-i2m transduced cardiac myocytes (Supplemental Results and Supplemental Figure 8 ). Whether or not increased activation of Src or ERK is critical for the development of hypertrophy in Tg-i2m mice in vivo remains to be elucidated.
We have previously shown that overexpression of AT1-i2m fails to induce Ang II-induced cell proliferation in CHO-K1 cells (16) . Thus, AT1-i2m seems to differentially affect proliferation and hypertrophy. Alternatively, the effect of AT1-i2m upon cell-growth responses and the underlying signaling mechanisms may differ in a cell type-dependent manner.
Our results are consistent with a previous report showing that cardiac-specific overexpression of the AT1 receptor causes bradycardia in transgenic mice (52) . Our results are unique, however, in that Tg-i2m mice developed more severe bradycardia and heart block than Tg-WT mice. Given that the AT1 receptor is expressed in the cardiac conduction system (53, 54) and that Ang II decreases junctional conductance between cardiac myocardial cells (55), the AT1 receptor seems to affect either development or function of the cardiac conduction system. For example, in Tg-WT mice, the AT1 receptor may couple to G α i, which in turn mediates inhibition of potassium channels, leading to bradycardia (56) . However, the fact that more severe bradycardia is induced in Tg-i2m mice suggests that the G α i signaling may not be the sole mechanism. Interestingly, Tg-i2m mice exhibited a poorly developed AVN, suggesting that the development of the conduction system may be perturbed by dysregulated signals from AT1-i2m. Tg-i2m mice also exhibited downregulation of Nkx2.5 and marked upregulation of HCN-1, a finding similar to ventricular-specific Nkx2.5 KO mice, which show progressive AV block (31) . In addition, atrial myocytes prepared from Tg-i2m mice exhibited smaller I Ca , known to be involved in regulation of HR. The fact that complete AV block was not rescued by losartan treatment suggests that persistent defects, such as anatomical ones, are involved at least in part in the mechanism of AV block. Elucidation of the specific targets of AT1-i2m would reveal important mechanisms regulating AV conduction and HRs.
Tg-i2m mice exhibited more severe cardiac dysfunction than Tg-WT mice. The cardiac dysfunction in Tg-i2m mice may not be directly related to the increases in apoptosis and fibrosis because Tg-i2m mice showed less apoptosis and fibrosis than Tg-WT mice. In fact, ventricular myocytes isolated from Tg-i2m mice showed reduced contractility at the single-cell level. Ca 2+ influx through voltage-gated Ca 2+ channels is an important trigger for Ca 2+induced Ca 2+ release from the sarcoplasmic reticulum. Thus, a decrease in I Ca may play an important role in mediating decreased contractility in Tg-i2m mice. Since the decrease in I Ca was not significant in Tg-WT mice, it may be mediated by G α q- or G α i-independent mechanisms. Although external application of Ang II could enhance I Ca in ventricular myocytes isolated from some species, the effect seems to differ depending upon experimental conditions (57, 58) . Interestingly, I Ca in ventricular myocytes was not directly modulated by Ang II (Supplemental Results and Supplemental Figure 6 ). Thus, decreases in I Ca are mediated by long-term activation of G α q- or G α i-independent mechanisms rather than ligand-dependent short-term modulation in Tg-i2m mice.
The present study showed that the percentage of apoptotic myocytes was significantly greater in Tg-WT than in Tg-i2m mice. These data indicate that AT1 receptor-induced myocardial cell death is more strongly mediated by a G α q- or G α i-dependent mechanism. Our result is consistent with previous observations that enhanced G α q signaling is sufficient to induce cardiac myocyte apoptosis (59, 60) and thus could be detrimental. The G α q/G α i-independent signaling mechanism activated in Tg-i2m mice causes less myocardial apoptosis and therefore may be less detrimental.
Activated ERKs are found primarily in the nucleus in Tg-WT mouse cardiac myocytes while they are primarily in the cytoplasm in Tg-i2m mouse myocytes. Activated ERKs can be localized to the cytoplasm by cytoplasmic anchors, such as PEA-15 (35, 61) . PEA-15 has been reported to constitutively bind both ERKs and ribosomal
Figure 6
Myocardial fibrosis and apoptosis. (A) Picric acid Sirius red (PASR) staining of heart sections obtained from Tg-WT (line 15, n = 5) and Tg-i2m (line 1, n = 7) mice. Significantly more fibrosis is seen in both Tg-WT and Tg-i2m mice than in their NTg littermates (n = 4 and n = 6, respectively), but Tg-i2m mice had significantly less fibrosis than Tg-WT mice. Scale bars: 1 µm. (B) Morphometry of myocardial fibrosis. (C) Morphometry of TUNEL staining of myocardial sections from NTg (n = 4 and n = 6 for AT1-WT and AT1-i2m, respectively), Tg-WT (line 15, n = 5), and Tg-i2m mice (line 1, n = 7). Tg-i2m mice had significantly fewer TUNEL-positive myocytes than Tg-WT mice. *P < 0.01, # P < 0.05 compared with NTg mice; † P < 0.05 compared with Tg-WT mice.
protein S6 kinase II (RSK2), thereby retaining both in the cytoplasm (35, 61) . PEA-15 is phosphorylated at serine 104 by PKC and at serine 116 by Ca 2+ /calmodulin kinase II, both of which are activated by G α q signaling (36) . We have shown here that there is more phospho(S 116 )-PEA-15 in Tg-WT mice cardiac myocytes. Whether or not phosphorylation of PEA-15 by G α q signaling regulates nuclear localization of ERKs remains to be elucidated. However, our results clearly suggest that ERKs activated by distinct upstream signaling mechanisms are subjected to distinct subcellular localizations in vivo.
In conclusion, the data presented here show that the AT1 receptor mediates downstream signaling mechanisms through G α q/ G α i-dependent and -independent mechanisms, which in turn modulate hypertrophy with distinct phenotypes. This suggests the possibility of a novel strategy for the treatment of heart disease by modulating these unconventional signaling mechanisms initiated by the AT1 receptor.
Methods
Primary culture of neonatal rat ventricular myocytes. Primary cultures of ventricular cardiac myocytes were prepared from 1-day-old Crl: (WI) BR-Wistar rats (Charles River Laboratories) as previously described (62) . A cardiac myocyte-rich fraction was obtained by centrifugation through a discontinuous Percoll gradient as described (63) . All protocols concerning animal use were approved by the Institutional Animal Care and Use Committee at the University of Medicine and Dentistry of New Jersey.
Construction of the adenoviral vectors. Recombinant adenovirus was constructed using an Adeno-X adenovirus construction kit (BD Biosciences - Clontech). We made replication-defective human adenovirus type 5 (devoid of E1 and E3) harboring AT1-WT (Ad-AT1-WT) and AT1-i2m (Ad-AT1-i2m).
Receptor-binding assays. Radioligand-binding assays were performed as described previously (16) . Myocytes were lysed and hearts homogenized with CHAPS buffer containing 150 mmol/l NaCl, 40 mmol/l Tris pH 7.5, 1% Triton X-100, 0.1% CHAPS, 10% glycerol, 2 mmol/l EDTA, 10 mmol/l sodium pyrophosphate, 1 mmol/l Na3VO4, 10 mmol/l NaF, 0.5 mmol/l AEBSF, 0.5 µg/ml aprotinin, and 0.5 µg/ml leupeptin. The cell lysates were incubated with 0.1 nmol/l [ 125 I]-Sar 1 -Ile 8 -Ang II in 50 mmol/l Tris (pH 7.5) buffer containing 200 mmol/l NaCl, 10 mmol/l MgCl2, 1 mmol/l EDTA, 0.1% bovine serum albumin, and 0.01% trypsin inhibitor at room temperature for 60 minutes in the presence of varying concentrations of GTPγS. Bound radioligand was separated from free ligand and the radioactivity counted. Specific AT1-receptor binding was determined by the addition of losartan (10 µM). Binding data were analyzed using Prism 3.0 (GraphPad Software).
Transgenic mice. Tg-WT mice and Tg-i2m mice were generated on an FVB background using the α-myosin heavy chain promoter (courtesy of J. Robbins, University of Cincinnati, Cincinnati, Ohio, USA) to achieve cardiac-specific expression. Comparison of cardiac phenotype in Tg-WT mice among ours and those generated by other investigators (52, 64) is summarized in Supplemental Results and Supplemental Table 4 .
Protein content. Total protein content of cultured cardiac myocytes was determined as described previously (63) .
Quantitative RT-PCR. Total RNA was prepared using the RNeasy fibrous tissue kit (QIAGEN), and then first-strand cDNA was synthesized using the ThermoScript RT-PCR system (Invitrogen Corp.). Real-time PCR was then carried out on a DNA Engine Opticon 2 system (MJ Research Inc.) using the DyNAmo HS SYBR Green qPCR kit (Finnzymes). The specific oligonucleotide primers used in this study are described in Supplemental Methods.
Echocardiography. Mice were anesthetized using 12 µl/g BW of 2.5% avertin (Sigma-Aldrich), and echocardiography was performed using ultrasonography (Acuson Sequoia C256; Siemens Medical Solutions) as previously described (65) . A 13-MHz linear ultrasound transducer was used. We took 2D-guided motion mode measurements of LV internal diameter from more than 3 beats and averaged the measurements. LVEDD was measured at the time of the apparent maximal LVEDD while LVESD was measured at the time of the most anterior systolic excursion of the posterior wall.
Hemodynamic measurements, intracardiac pacing, and ECG measurements. Mice were anesthetized as described above, and a 1.4-French (Millar Instruments Inc.) catheter-tip micromanometer catheter was inserted through the right carotid artery into the aorta and then into the LV where pressures and LV dP/dt were recorded. In order to pace the heart, a 1.1 French Millar EPR-800
Figure 7
Changes in hypertrophy and HR in response to Ang II. (A) Hypertrophic response to 2 weeks Ang II infusion (200 ng/kg/min). *P < 0.01 vs. corresponding control. § P < 0.05 vs. control Ang II; # P < 0.05 vs. Tg-WT Ang II; **P < 0.05 vs. NTg control; † P < 0.01 Tg-WT control. n = 5 for all groups. (B) HR response to acute intravenous injection of Ang II (100 ng/kg). § P < 0.05 Tg-WT vs. Tg-i2m, Tg-WT mice exhibited increases in the atrial (P wave) rate in response to Ang II while Tg-i2m mice showed complete AV block and ventricular rates that did not respond to Ang II. n = 6 for NTg-WT; n = 8 for Tg-WT; n = 9 for NTg-i2m; and n = 5 for Tg-i2m mice. ultraminiature catheter was introduced into the right ventricle through the left jugular vein. A body-surface ECG (leads I, II, and III) was recorded using 25gauge subcutaneous electrodes while mice were under anesthesia. ECGs from neonatal mice were obtained while the mice were conscious and gently held.
Electrophysiological measurements. LV and atrial myocytes were enzymatically isolated and studied using whole-cell patch-clamp techniques (66) . Cell capacitance was measured using voltage ramps of 0.8 V/s from a holding potential of -50 mV. ICa were recorded using a K + - and Na + -free external solution (to isolate Ca 2+ currents from other membrane currents and Na + /Ca 2+ exchanger) containing 2 mmol/l CaCl2, 1 mmol/l MgCl2, 135 mmol/l TEA-Cl, 5 mmol/l 4-aminopyridine, 10 mmol/l glucose, and 10 mmol/l HEPES (pH 7.3). The pipette solution contained 100 mmol/l Cs-aspartate, 20 mmol/l CsCl, 1 mmol/l MgCl2, 2 mmol/l MgATP, 0.5 mmol/l GTP, 5 mmol/l EGTA, and 5 mmol/l HEPES (pH 7.3). Myocyte contraction was measured as previously described (67) . Briefly, isolated LV myocytes were perfused with Tyrode solution composed of 135 mmol/l NaCl, 1.0 mmol/l CaCl2, 1 mmol/l MgCl2, 5.4 mmol/l KCl, 10 mmol/l glucose, and 5 mmol/l HEPES (pH 7.3) at 32°C and field stimulated at 1.0 Hz. Myocyte contraction was measured using a video motion edge detector.
MinK mice and staining for β-galactosidase activity. Generation of MinK +/mice has been described (30) . MinK +/mice and Tg-i2m mice were crossed, and all experiments were conducted using MinK +/mice with or without AT1-i2m transgene at F1 generation. Tg-i2m mice generated in MinK +/background showed a phenotype similar to that of conventional Tg-i2m mice (Supplemental Table 5 ). The method of whole-heart β-galactosidase staining has been described (30) .
Histological analysis and immunohistochemistry. Histological analyses of the heart sections were conducted as described previously (66) . Heart specimens were fixed with 10% neutral buffered formalin, embedded in paraffin, and sectioned at 6-µm thickness. Interstitial fibrosis was evaluated by picric acid Sirius red staining. The positively stained (red) fibrotic area was measured and expressed as a percentage of total area. AVN was evaluated in 4-chamber view whole-heart sections stained with H&E and trichrome. Immunohistochemistry was carried out on cardiac tissue sections using anti-phospho-ERK antibodies (Cell Signaling Technology) and anti-PKCε antibodies (Upstate) as primary antibodies. Methods of immunostaining for cultured cells are described in Supplemental Methods.
Evaluation of apoptosis in tissue sections. DNA fragmentation was detected in situ using TUNEL, as described (65) . In brief, deparaffinized sections were incubated with proteinase K, and DNA fragments were labeled with fluorescein-conjugated dUTP using TdT (Roche Diagnostics Corp.). The total number of nuclei was determined by manual counting of DAPI-stained nuclei in 6 fields of each section using the ×40 objective, and the number of TUNEL-positive nuclei was counted in the entire section. Limiting counting of total nuclei and the TUNEL-positive nuclei to areas with a true cross section of myocytes made it possible to selectively count only those nuclei that clearly were within myocytes.
Continuous infusion of Ang II. Continuous infusion of Ang II or control vehicle delivery was conducted using a min-osmotic pump (model 2002, ALZA). Ang II was prepared at a concentration calculated to deliver an average of 200 ng/kg/min during a 14-day infusion period. Control mice received pumps filled with 0.9% sodium chloride.
Immunoblot analysis. Cardiac tissue homogenates were made in the CHAPS buffer (Sigma-Aldrich). We used anti-phosphospecific and corresponding non-phosphospecific antibodies against Src (Tyr 416 ), PEA-15 (Ser 116 ), and ERK1/2 (Thr 202 /Tyr 204 ) (Cell Signaling Technology) as primary antibodies. To detect PKCε translocation and the subcellular localization of phospho-ERK1/2, cardiac myocyte lysates, cardiac tissue homogenates, and nuclear, cytosolic, and particulate fractions were prepared as previously described (68) with mild modification. In brief, heart tissue was homogenized in a sample buffer containing 20 mmol/l Tris-HCl , 10 mmol/l EGTA, 5 mmol/l EDTA, 10 mmol/l benzamidine, 0.3% β-mercaptoethanol, 10 µg/ ml aprotinin, 10 µg/ml leupeptin, and 50 µg/ml PMSF. The homogenate was loaded onto a sucrose gradient containing 2 ml of 1 mol/l sucrose in sample buffer and centrifuged at 1,600 g for 10 minutes. The pellet was resuspended in sample buffer containing 0.5% NP-40, 0.1% deoxycholate, and 0.1% Brij 35, then centrifuged at 9,300 g for 5 minutes after a 60-minute incubation on ice. The supernatant of the second centrifugation was the nuclear fraction. The supernatant of the first centrifugation was loaded onto another 1 mol/l sucrose gradient and centrifuged at 100,000 g for 60 min. The supernatant of the ultracentrifugation was the cytosolic fraction. The pellet of the ultracentrifugation was resuspended in the sample buffer, incubated on ice for 60 minutes, and centrifuged at 9,300 g for 5 minutes. The supernatant of the last centrifugation was the particulate fraction.
Statistics. Data are reported as mean ± SEM. Statistical analyses between groups were done by 1-way ANOVA, and when P values were significant, differences among group means were evaluated using t test with Bonferroni's correction. A P value of less than 0.05 was considered significant.
